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Tbjective: Although deep hypothermic circulatory arrest has been known to induce
euronal injury, the molecular mechanism of this damage has not been identified.
e studied the key molecular mediators through cellular energy failure, excitotox-
city, and overactivation of poly(adenosine diphosphate–ribose) polymerase 1 in
rain tissues of a rabbit model of deep hypothermic circulatory arrest similar to
linical settings.
ethods: We established 2 models of cardiopulmonary bypass (n  15) and deep
ypothermic circulatory arrest (n  15) associated with cerebral microdialysis in
abbits. Deep hypothermic circulatory arrest lasted for 60 minutes. The measure-
ents of glucose, lactate, pyruvate, and glutamate collected by means of microdi-
lysis were quantified by using a microdialysis analyzer and high-performance
iquid chromatography. The overactivation of poly(adenosine diphosphate–ribose)
olymerase 1 was assessed by detecting immunostaining of poly(adenosine diphos-
hate–ribose). Histologic studies were used to identify neuronal morphologic
hanges and terminal deoxynucleotidyl transferase–mediated deoxyuridine triphos-
hate nick end-labeling staining and poly(adenosine diphosphate–ribose) polymer-
se 1 Western blotting were used to identify apoptotic cells and early apoptotic
ignals.
esults: Deep hypothermic circulatory arrest significantly increased the lactate/
yruvate and lactate/glucose ratios and the glutamate value, whereas cardiopulmo-
ary bypass did not (P  .05). Deep hypothermic circulatory arrest significantly
ncreased the numbers of poly(adenosine diphosphate–ribose)–positive and apopto-
ic neurons compared with cardiopulmonary bypass (P  .05). The cleavage of
oly(adenosine diphosphate–ribose) polymerase 1 was only found in the deep
ypothermic circulatory arrest group. More injured neurons were found in the deep
ypothermic circulatory arrest group (histologic scores, P  .05).
onclusions: This study demonstrated that deep hypothermic circulatory arrest
esults in an overactivation of poly(adenosine diphosphate–ribose) polymerase 1,
nd that there were molecular events consisting of cellular energy failure, excito-
oxicity, overactivation of poly(adenosine diphosphate–ribose) polymerase 1, and
ecrosis and/or apoptosis in neuronal injury.
eep hypothermic circulatory arrest (DHCA) has been an important strategy
in surgical procedures for complex congenital cardiac malformations and
aortic arch diseases since its introduction in the 1940s. Although DHCA
fforded a neuroprotective effect and enabled the surgeon to obtain a bloodless
perative field that allowed for precise anatomic manipulation, it was always
he Journal of Thoracic and Cardiovascular Surgery ● Volume 134, Number 5 1227
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CSPssociated with immediate and late neuronal complica-
ions.1-4 Preventing cerebral injury remains difficult becau
he underlying mechanisms have not been fully elucidated.
Neuronal injury after DHCA is generally ascribed to
erebral hypoxia, ischemia, and oxidative stress after isch-
mia–reperfusion, except for cardiopulmonary bypass
CPB) perturbation, anesthesia management, and preopera-
ive neurologic deficits.5,6 Ischemia and ischemia–reperfu-
ion injury initiate a cascade of cellular and molecular
vents, of which excitotoxicity caused by overstimulation of
xcitory amino acids, mainly glutamate, has been a well-
nown fundamental common process in all kinds of isch-
mic brain injury.4,6,7 Of note, the role of excitotoxicity
euronal injury after DHCA was demonstrated by Tseng
nd colleagues.8 Apoptosis and necrosis, the possible -
uelae of excitotoxicity,9 were also identified to play
rucial role in neuronal injury after DHCA.10,11 Ischemia,
ellular energy failure, excitotoxicity, necrosis, and apopto-
is might constitute a path to neuronal injury after DHCA.
Excitotoxicity was seen as a final pathway in most neu-
onal injuries in the 1990s,12 but in recent studies of n-
othermic ischemic brain injury, a key event of overacti-
ation of poly(adenosine diphosphate [ADP]–ribose)
olymerase 1 (PARP-1) has been gradually identified as a
ink between excitotoxicity and cell death, which emerges
s central in cell death that occurs in the nervous sys-
em.13,14 Activated PARP-1 cleaves nicotinamide adeni
inucleotide (NAD), which contributes to DNA repair and
o maintenance of genomic stability. On the other hand,
veractivation of PARP-1 results in rapid depletion of in-
racellular NAD and consequently of adenosine triphos-
hate (ATP) and finally to cell dysfunction or death13,15
his cellular “suicide” mechanism has been implicated in
he pathomechanism of cerebral ischemia, stroke, traumatic
ervous system injury, and so on,13-16 but whether th
veractivation of PARP-1 plays a role in neuronal injury
Abbreviations and Acronyms
ADP  adenosine diphosphate
ATP  adenosine triphosphate
CPB  cardiopulmonary bypass
DHCA  deep hypothermic circulatory arrest
NAD  nicotinamide adenine dinucleotide
PAR  Poly(ADP-ribose)
PARP-1 poly(adenosine diphosphate–ribose)
polymerase 1
PBS  phosphate-buffered saline
SEM  standard error of the mean
TUNEL  terminal deoxynucleotidyl
transferase–mediated deoxyuridine
triphosphate nick end-labelingfter DHCA is still unclear. m
228 The Journal of Thoracic and Cardiovascular Surgery ● NovAlthough molecular events, brain cellular energy disor-
ers, and excitotoxicity have been proved to induce neuro-
al injury after DHCA by different groups under different
onditions, it is unknown whether these molecular events
oncurrently play a role in this scenario. In this study we
nvestigated the possibility that there was an overactivation
f PARP-1 and molecular events in neuronal injury after
HCA, which were simultaneously composed of cellular
nergy failure, excitotoxicity, overactivation of PARP-1,
nd necrosis and/or apoptosis occurring in the same
ondition.
aterials and Methods
ale New Zealand white male rabbits (n  30) weighing 3.0 to
.5 kg were used. All animal procedures were approved by the
nimal Care and Use Committee of Peking Union Medical Col-
ege. All animals received humane care in compliance with the
Guide for the care and use of laboratory animals” published by
he National Academy of Science (National Institutes of Health
ublication no. 85-23, revised 1985).
erebral Microdialysis
nimals were deeply anesthetized with pentobarbital (30 mg/kg
dministered intravenously) and placed in a stereotaxic apparatus
Medical Equipment Research Institute). After positioning the
orsal hippocampus (CA1) according to the Sawyer stereotaxic
tlas of the rabbit,17 a guide cannula was implanted (CMA/
uide Cannula, CMA Microdialysis) 4 mm posterior from the
regma, 4 mm right lateral from the middle sagittal plane, and 6
m ventral from the bregma bone surface. The guide cannula was
xed with dental cement and assembled in a self-made protecting
acket. After the procedure, the rabbits were housed in individual
ages with free access to food and water. At 36 hours after
mplantation of the guide cannula, the core of the guide cannula
as replaced with a probe (CMA/12 microdialysis probe, 4-mm
embrane length; CMA Microdialysis) and then perfused with
rtificial cerebrospinal fluid (containing 147 mmol NaCl, 2.7 mmol
Cl, 0.85 mmol MgCl2, 1.2 mmol CaCl2, and 0.6 mmol ascorbic
cid [pH 7.4]) at a rate of 2 m/min by using a microperfusion
ump (CMA/102, CMA Microdialysis). The collection of basal
amples was initiated 90 minutes after microdialysis probe posi-
ioning and pumping. Microdialysis was used from consciousness
o recovery from CPB. Samples of dialysate were collected every
0 minutes and stored at 70°C.
PB and DHCA
ach rabbit was given diazepam (2 mg/kg) intramuscularly as
remedication and anesthetized with intravenous pentobarbital (25
g/kg), fentanyl (20 g/kg), and pipercuronium bromide (0.15
g/kg). Continuous anesthesia was maintained with diazepam and
entanyl. After endotracheal intubation with an intratracheal tube
4-mm internal diameter), a neonatal mechanical ventilator was
sed (Inter3, Bird). Tidal volume was set at 10 to 15 mL/kg, and
espiratory frequency was set at 30 to 45 breaths/min with a 50%
xygen concentration. Ventilation was adjusted to keep the PaCO2
nd pH within the physiologic range. We carried out a stepwise
anagement of arterial blood gases using the alpha-stat strategy
ember 2007
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Phen body temperature was greater than 28°C and the pH-stat
trategy when body temperature was less than 28°C. Arterial blood
ases and hematocrit values were monitored intermittently. A
0-gauge cannula was inserted in the right or left femoral artery
nd connected to a fluid-filled pressure transducer to monitor
rterial blood pressure and take blood samples; electrocardio-
raphic results and nasopharynx and rectal temperatures were
onitored (CSI8100, Criticare). Temperature was maintained at
7.5°C to 38.5°C before CPB with an electrical heating exchanger.
imb lead II electrocardiographic data were continuously moni-
ored by means of subcutaneous needle electrodes. Ringer’s solu-
ion was used as maintenance fluid through the ear vein. The
ardiopulmonary circuit consisted of a double small roller pump
Shiley; Stockert, Munich, Germany), a blood reservoir made of a
0-mL syringe, a small heat exchanger connected with a thermo-
tatic water pump (type 20–600, Jostra), and a membrane oxy-
enator for small animals. All connected silicone catheters were 3
m in internal diameter to reduce the priming volume (the heat
xchanger, membrane oxygenator, and catheters were provided by
ijing Medical Appliance Corp). All catheters were flushed with
0 U/mL heparinized saline to prevent clotting during the exper-
ment. The priming volume of the L group was 75 mL without
lood and consisted of 50 mL of sodium chloride and gelatin and
0 mL of Ringer’s solution, 1.5 g of mannitol, 0.25 g of sodium
icarbonate, 0.5 g of cefazolin, 0.2 g of magnesium sulfate, 2 mg
f furosemide, and 200 U of heparin. The calculated aim for the
nal hematocrit value of the blood volume was 0.2 to 0.25. After
edian sternotomy, heparin was injected intravenously before
annulation (400–600 U/kg). A Prolene (Ethicon) cardiovascular
uture (6-0) was used to form 2 purse-string layers in the ascending
orta. An incision suitable for arterial cannulation on the aortic
dventitia was made within the purse-string suture. Without the aid
f a side clamp, a 14-gauge trochar (2.1 mm outer diameter) used
s an aortic cannula was inserted directly, the probe core was
rawn in half, and 2 purse-string tourniquets were secured one by
ne. A plug of venous cannula (DLP16F, Medtronic) was inserted
n the right atrium through the auricular appendage. After an
ctivated clotting time of longer than 480 seconds was achieved,
PB was initiated at a flow rate of 80 to 90 mL · kg1 · min1,
hich was enough to maintain a mean blood pressure of greater
han 60 mm Hg most of the time. During the cooling period, the
ow rate was gradually decreased. After establishment of CPB, a
ontinuous positive airway pressure mode (5 cm H2O) with a
raction of inspired oxygen of 21% was applied to avoid atelecta-
is, but during DHCA, the pulmonary ventilation was stopped.
leural and mediastinal blood was drawn off and reinfused into the
enous line. In about 30 minutes, rectal temperature was down to
6°C to 18°C by using a heat exchanger and topical cooling with
ce bags and a cooling blanket. DHCA confirmed by means of
systole was maintained for 60 minutes at 16°C to 18°C. CPB
estarted when rewarming increased the temperature to 35°C in 30
inutes and then maintained it for 30 minutes on CPB. During
ewarming, the mean arterial pressure was kept at more than 50
m Hg with dopamine until rectal temperatures of 35°C or greater
nd blood flows of 60 mL · min1 · kg1 or greater were
chieved. Dopamine was administered at a dosage of 5 to 10 g
in1 · kg1 when inotropic support was required during the 2 
The Journal of Thoracicours in which the animals were off CPB. After 2 hours of
eaning from CPB, the animal was killed.
tudy Protocol
abbits were assigned to one of 2 groups at random: the DHCA
roup (n  15, 10 for histopathologic study and 5 for Western
lotting) and the CPB group (n  15, 10 for histopathologic study
nd 5 for Western blotting). The procedures of the CPB group
ere the same as those of the DHCA group, except there was no
HCA. The whole procedure of the DHCA group was as follows:
1. consciousness microdialysis in 90 minutes (base), gathering
3 samples from microdialysis;
2. ready for CPB and anesthesia in 60 minutes (0–60 min-
utes), gathering 2 samples;
3. CPB and cooling in 30 minutes (60–90 minutes), gathering
1 sample;
4. DHCA in 60 minutes (90–150 minutes), gathering 2 sam-
ples;
5. CPB and rewarming in 30 minutes (150–180 minutes),
gathering 1 sample;
6. assisted circulation for 30 minutes (180–210 minutes),
gathering 1 sample; and
7. recovery in 120 minutes (210–330 minutes), gathering 4
samples.
Glutamate from microdialysis was determined by using high-
erformance liquid chromatography (Alliance HPLC Systems,
aters Corp). Glucose, lactate, and pyruvate from mcrodialysis
ere measured with a microdialysis analyzer (CMA 600, CMA
icrodialysis). The relative recovery of the microdialysis probe
as determined in vitro. The values for the level of samples were
orrected for the relative recovery and presented.
At the end of the experiment, correct probe placement was
hecked by means of visual inspection of the probe tracks on
-mm coronal sections from the hippocampus domain (CA1) of
ach rabbit. Only rabbits with correct probe placement were con-
idered in the results.
istologic Examination
fter 2 hours of weaning from CPB, rabbits underwent transca-
otid perfusion with 500 mL of heparinized saline followed by
000 mL of cold phosphate-buffered saline (PBS; 0.1 mol/L, pH
.4) containing 4% paraformaldehyde. The brains were removed,
ut into 2-mm coronal sections, and kept for 2 days in the same
xative solution at 4°C before paraffin embedding. After paraffin
mbedding, paraffin sections (10 m thick) were cut on the mic-
otome at the level of the midhippocampus (CA1) and stained with
ematoxylin and eosin. All slides were scored by 2 observers
linded to the experimental groups. Two brain regions of each
emisphere were chosen for evaluation of neuronal cell damage:
he parietal cortex and the hippocampus (CA1). The injured neu-
ons were counted with an image-analysis system (Alpha Inno-
ech). Five serial high-magnification (400) fields per region were
xamined by use of the following scores: 0, fewer than 5 damaged
eurons; 1, 5 to 10 damaged neurons; 2, 10 to 20 damaged
eurons; and 3, more than 20 damaged neurons. The score values
or special region were summed to a total histologic score for each
nimal, with a maximum score of 60 (5 high-magnification fields3 as worst score  2 brain regions  2 hemispheres), which
and Cardiovascular Surgery ● Volume 134, Number 5 1229
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CSPllowed for semiquantitative comparison between groups. A nor-
al range of 0 to 12 was taken from 5 healthy untreated rabbits.
oly(ADP-ribose) Immunohistochemistry
oly(ADP-ribose) (PAR), the product of PARP, was detected to
ssess the activation of PARP.18 The paraffin-embedded speci-
ens of parietal cortex and hippocampus biopsy specimens were
ade in the same way. After sectioning (10 m thick) of the
issues, slides were deparaffinized, antigen was retrieved by means
f incubation in boiling 0.1 mol/L sodium citrate (pH 6), and slides
ere rinsed in water. Slides were incubated in 10% (wt/vol)
richloroacetic acid for 10 minutes to prevent catabolism of the
olymer by PAR glycohydrolase. Slides were rinsed in PBS and
hen incubated for 15 minutes in 1.5% (vol/vol) hydrogen peroxide
n methanol for quenching endogenous peroxidase activity. Non-
pecific binding sites were blocked with 2% (vol/vol) normal goat
erum in PBS for 1.5 hours at 37°C. The slides were incubated
vernight at 4°C with mouse antibody against PAR (dilution
:250, Clone 10H; Tulip BioLabs, Inc). Then the slides were
ashed in PBS and biotinylated sheep anti-mouse secondary an-
ibody (Amersham, RPN1001), diluted 1:200 in PBS, and applied
o the tissues for 2 hours. The tissues were then incubated for 30
inutes with avidin–horseradish peroxidase conjugate (ABC kit,
ector Laboratories), and the reaction was visualized with 3-ami-
o-9-ethyl-carbazole. Slides were counterstained with Harris he-
atoxylin. The red-stained positive neurons were measured with
mage-analysis software (DMBL QWin, Leica) and expressed as
ercentages. The average percentage of 5 serial slides represented
he score of positive neurons in a specimen.
n Situ DNA End-labeling Detection (TUNEL)
he paraffin-embedded tissue sections (4 m) of parietal cortex
nd hippocampus (CA1) biopsy specimens were made in the same
ay. Terminal deoxynucleotidyl transferase–mediated deoxyuri-
ine triphosphate nick end-labeling (TUNEL) is a staining method
sed to assist in the identification of apoptotic cells in tissue
ections.19 The cells showing karyorrhexis and TUNEL positiv
n TUNEL-staining sections are markers of apoptosis.20 The sec-
ions were pretreated as described by Labat-Moleur and cowork-
rs19 for the enhanced sensitivity. A Boehringer Mannheim ki
itu Cell Death Detection Kit, Peroxidase) was used according to
he manufacturer’s instructions. The brown-stained positive neu-
ons were measured with image-analysis software (DMBL QWin,
eica) and expressed as percentages. The average percentage of 5
erial slides represented the score of positive neurons in a
pecimen.
estern Blot Analysis of PARP-1
fter 2 hours of weaning, the rabbits were killed. The brains were
xcised, and parietal cortex and hippocampus CA1 biopsy speci-
ens were dissected and snap-frozen. The nuclear and cytoplasmic
roteins of the parietal cortex and hippocampus were extracted as
escribed by Toliver-Kinsky and colleagues.21 Fifty micrograms
f protein was electrophoresed through a 7.5% sodium dodecyl-
ulfate–polyacrylamide gel. The proteins were transferred to poly-
inylidene fluoride membranes (Amersham Biosciences) over-
ight. The membranes were washed and blocked in a PBS solution
ontaining 10% nonfat dry milk, 1% normal goat serum, 0.1% F
230 The Journal of Thoracic and Cardiovascular Surgery ● Novween-20, and 0.0001% thimerosal. The membranes were incu-
ated in the presence of mouse anti-PARP-1 (dilution 1:1000,
lone: C-2-10, Zymed Labs) at 4°C overnight. The membranes
ere completely washed with PBS containing 0.1% Tween-20
efore addition of the horseradish peroxidase–conjugated goat
nti-mouse secondary antibody (Vector Labs) diluted 1:5000. Af-
er a 1- to 1.5-hour incubation in the secondary antibody solution,
he membranes were washed for 7 to 5 minutes with PBS. The
rotein was visualized with the ECL Plus Western blot detection
ystem, according to the manufacturer’s instructions (Amersham
iosciences). Cleaved PARP was identified in some samples but
as not quantified in this study. Only nuclear extracts were ana-
yzed for PARP-1.
tatistical Analysis
he mean from the microdialysis samples of each group in a
onscious state was used as a baseline value. The levels of micro-
ialysis samples, corrected for in vitro recovery of the probe, are
xpressed as multiples of basal values. All data are presented as
eans  standard error of the mean (SEM) or means  standard
eviation. Different groups were compared by using the Student t
est for unpaired data. A repeated-measures analysis of variance
ith the Wilcoxon signed–rank test was used for comparison
etween relevant time points and baseline values in the same
roup. Statistical analyses were carried out with SPSS 10.0 soft-
are (SPSS, Inc).
esults
hanges of Ratios of Lactate/Glucose,
actate/Pyruvate, and Extracellular Glutamate
oncentration in the Hippocampal Domain
ll values are presented as mean multiples of basal levels.
ean basal levels of glucose ( SEM) were as follows:
.92  0.61 mmol/L in the DHCA group (n  15) and 3.88
0.88 mmol/L in the CPB group (n  15; P  .05). Those
f lactate ( SEM) were as follows: 7.02  2.3 mmol/L in
he DHCA group and 6.92  2.8 mmol/L in the CPB group
P  .05). Those of pyruvate ( SEM) were as follows:
48.21  25.43 mol/L in the DHCA group and 331.02 
0.28 mol/L in the CPB group (P  .05). Those of
lutamate ( SEM) were as follows: 17.02 6.3 mol/L in
he DHCA group and 17.22 6.8 mol/L in the CPB group
P  .05).
There was a significant increase in the ratio of lactate/
yruvate and lactate/glucose from the beginning of weaning
n the DHCA group when compared with values in the CPB
roup and baseline values (P  .05, Figures E1 and E2
he top values of lactate/pyruvate and lactate/glucose ratios
n the DHCA group were 5.01  0.6 and 4.32  0.7 times
he basal level, respectively (P  .05). The 2 ratios were
ecreasing from maximal values, but during observation,
he values of the DHCA group were still significantly higher
han those of the CPB group and its basal level (P  .05).
The effect of DHCA on the extracellular level of gluta-
ate in the DHCA group was significant. As shown in
igure E3, there was a significant increase in the extracel-
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Pular level of glutamate from the beginning of rewarming
hen compared with values in the CPB group and the
aseline value (P  .05). The top values in the DHCA
roups were up to 8.43  1.3 times the basal level. The
alue of glutamate in the CPB group was stable during the
hole observational time, but after weaning of CPB, the
alues of the DHCA group decreased relative to baseline
evels.
istopathologic Findings
ore damaged neurons were observed in the DHCA group
han in CPB group (Figure E4). The total histopathol
cores of the DHCA and CPB groups were 33.6  4.2 and
5.4  2.1 (mean  standard deviation), respectively, with
ignificant differences (P  .005). The injured cells in the
ippocampus CA1 and parietal cortex of the DHCA group
resented primarily with edema, swollen pyramidal neurons
ith highly eosinophilic cytoplasm, and few shrunken neu-
ons with pyknotic nuclei, which were indicative of cell
ecrosis.
ARP Activity
ARP activity could be reflected by the positive extent of
AR immunostaining. There was weak PAR immunostain-
ng at the parietal cortex and hippocampus (CA1) regions in
he CPB group. Extensive and strongly positive PAR im-
unostaining was observed in the DHCA group (Fig
5). The ratio of PAR-positive staining after DHCA 
ore than that seen in the CPB group (41.2%  4.5% vs
6.7%  3.4% in the cortex, P  .05; 54.3%  6.2% vs
8.8%  4.2% in the hippocampus; P  .05).
etection of Apoptotic Cells (TUNEL Staining)
UNEL-positive cells demonstrated 1 or more brown-
tained substrates, which might be broken DNA fragments,
hromatin margination, or nuclear condensation in neurons.
UNEL staining is too weak to completely identify apopto-
is from necrosis. The positive staining only showed the
igh probability of apoptosis.20 TUNEL-positive cells wer
dentified at the parietal cortex and hippocampus (CA1)
egions (Figure E6). The ratios of apoptotic cells incre
fter DHCA versus CPB (3.0%  0.2% vs 0.4%  0.08%
n the cortex [P  0.05] and 1.3%  0.3% vs 0.1% 
.03% in the hippocampus [P  .05], respectively.
estern Blot Analysis (PARP-1)
nother characteristic that is a sensitive marker of the onset
f apoptosis is the cleavage of PARP from a 116-kd
olypeptide to an 89-kd fragment in cells.22 No PARP
leavage was observed in any of the CPB group, but there
as PARP cleavage to an 89-kd fragment at the parietal
ortex and hippocampus (CA1) regions in the DHCA group
Figure E7). a
The Journal of Thoraciciscussion
o date, because of the uncertain pathogenesis about neu-
onal injury after DHCA, neurologic morbidity associated
ith DHCA remains high, afflicting 5% to 40% of postop-
rative survivors.1-3 Under such circumstances, we explor
he potential mechanism of neuronal injury after DHCA by
etting up a model of DHCA linked with cerebral microdi-
lysis. Because the cerebrovascular anatomy and many pa-
ameters of rabbits are nearly similar to those of human
ubjects,23,24 we chose the rabbit as our animal mo
urthermore, the maneuver of setting up CPB and the lower
atio of priming volume to whole blood volume in the
odel were very similar to the clinical setting. Therefore,
his model was applicable to studies of brain protection
ssociated with DHCA.
By linking with the model of cerebral microdialysis, we
ould continuously monitor the concentration changes of
lucose, lactate, pyruvate, and glutamate in the interstitial
pace of intact tissue in vivo.25 The lactate/pyruvate and
actate/glucose ratios are excellent markers of ischemia and
nergy failure in the brain.26 Glutamate is one of the ma
xcitatory neurotransmitters in the central nervous system.
lutamate overrelease would lead to excitotoxicity.4 In this
tudy cerebral microdialysis was associated with the model,
hich afforded an effective way to study brain molecular
hanges. The lactate/pyruvate and lactate/glucose ratios
ere significantly increased after reperfusion in the DHCA
roup compared with those of the CPB group, which was
ndicative of ischemia and energy metabolic disorder. It can
e seen from Figure E3 that the increasing extent of 
ate was significant and of a high magnification in a short
ime, which could induce the excitotoxicity in the DHCA
roup.
We found that PARP-1 was overactivated in the DHCA
roup, which was indicated by the strongly positive expres-
ion of PAR. A worthwhile point is that overactivation of
ARP-1 after DHCA was not investigated in previous ani-
al models or clinical research. In addition, more neuronal
njury, including necrosis and apoptosis, was demonstrated
n the DHCA group compared with the CPB group by
eans of morphologic studies, TUNEL staining, and West-
rn blot analysis for cleavage of PARP-1. Therefore, the
xperimental results demonstrated that there were molecular
vents in neuronal injury, which included simultaneous
ellular energy failure, excitotoxicity, overactivation of
ARP-1, and neuronal necrosis and/or apoptosis.
Several molecular mechanisms were responsible for the
athogenesis of ischemic neuronal injury, but most data
vailable were obtained from normothermic brain ischemia
odels. Now the following mechanism is becoming a well-
ccepted pathogenesis in ischemic brain injury.13–16 In the
schemic brain energy deprivation triggers glutamate release
nd overactivation of neuronal glutamate receptors, which
and Cardiovascular Surgery ● Volume 134, Number 5 1231
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CSPesults in increases of intracellular calcium and activation of
alcium-dependent enzymes, followed by overproduction of
itric oxide synthase and other reactive oxygen species.
hese reactive oxygen species ultimately damage cellular
NA and result in excitotoxicity. Massive DNA damage
an also directly activate nuclear PARP-1 activity, which
ransforms NAD into long polymers of PAR and nicotin-
mide and causes drastic depletion of the pyridine nucleo-
ide pool. Under these stressful conditions, the NAD salvage
athway is activated with resynthesis of NAD. Because
he synthesis procedure uses much ATP, DNA damage-
ependent PARP-1 overactivation ultimately depletes cel-
ular ATP pools. These events cause a vicious cycle, leading
o aggravated energy failure and neuronal death. For a clear
ision of the cascade, a molecular pathway to the neuronal
njury after DHCA was described as follows: cellular en-
rgy failure ¡ excitotoxicity ¡ DNA damage ¡ overac-
ivation of PARP-1 ¡ necrosis and apoptosis.13,16 In this
tudy, we proved that some key molecular mediators, such
s cellular energy deficit, the overrelease of glutamate,
veractivation of PARP-1, and neuronal necrosis and/or
poptosis, also existed in neuronal injury after DHCA in a
abbit model. This implied that there could be a similar
olecular pathway in neuronal injury after DHCA.
In recent years, overactivation of the DNA damage-depen-
ent nuclear enzyme PARP-1 has become a central event in
schemia-induced neurodegeneration. Overactivation of
ARP-1 has been known as a downstream event of excitotox-
city, which is more approximate to cell damage or de27
iven the overactivation of PARP-1 to the pathogenesis in
schemic brain injury, a series of strategies, such as gene
eletion and chemical inhibitors, have been used to suppress
he PARP-1 activity. Many researches have proved the same
esult that remarkable neuroprotection is obtained by suppres-
ion of poly(ADP-ribosyl)ation in the ischemic brain. A pio-
eering study showed that gene knockout of PARP provided
assive neuroprotection against glutamate-NO–mediated isch-
mic insults and obviously reduced infarct volume (up to 80%)
nduced by middle cerebral artery occlusion.28 Another study
eported that the infarct volume caused by ischemia–reperfu-
ion injury is significantly smaller 45% in PARP-1 knockout
ice than that in wild-type mice.29 In recent years, man
otent water-soluble PARP inhibitors, such as N-(6-oxo-5,6-
ihydro-phenanthridin-2-yl)-N,N-dimethylacetamide (PJ-34),
ndeno-isoquinolinone (INO-1001), and 4-(4-(N,N-dimethyl-
minomethyl)phenyl)-5-hydroxy isoquinolinone (KCL-440),
emonstrated neuroprotective effect in models of brain isch-
mia.30,31 In light of the abovementioned studies, we are-
ighted to find that overactivation of PARP-1 followed DHCA
n this study. To suppress the poly(ADP-ribosyl)ation would
e one of the most promising strategies against neuronal injury
fter DHCA to date. We intend to study the protective effect of
ARP-1 inhibitor on neuronal injury after DHCA in the future.
232 The Journal of Thoracic and Cardiovascular Surgery ● NovHowever, in this study we investigated only the well-
nown molecular events in neuronal injury after DHCA,
hich were still not composed of a complete pathway.
urther research needs to be done to explain the causal
elationship between the events. Because the study used a
abbit model, which is not an ideal subject, it would be a
tretch to extrapolate the findings to subsequent clinical
uidelines.
In summary, we have demonstrated that the process of
HCA results in an overactivation of PARP. We have also
ound that molecular events existed simultaneously in the
ame model (ie, cellular energy failure, overrelease of glu-
amte, overactivation of PARP-1, and necrosis and/or apo-
tosis). Furthermore, this study offers the expectation that
ARP-1 inhibitors might play a neuroprotective role in
HCA.
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CSPFigure E1. Time course of dialysate lactate/pyruvate
cardiopulmonary bypass; A, recovery from CPB. P <
in the same group. #P < .05, difference between the C
Figure E2. Time course of dialysate lactate/glucose
cardiopulmonary bypass; A, recovery from CPB. P <
in the same group. #P < .05, difference between the Cratio. DHCA, Deep hypothermic circulatory arrest; CPB,
.05, difference between relevant time points and baseline
PB and DHCA groups.ratio. DHCA, Deep hypothermic circulatory arrest; CPB,
.05, difference between relevant time points and baseline
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PFigure E3. Time course of dialysate glutamate level. D
monary bypass; A, rewarming; B, assisted circulation; C
time points and baseline in the same group. #P < .05,HCA, Deep hypothermic circulatory arrest; CPB, cardiopul-
, recovery from CPB.P< .05, difference between relevant
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CSPFigure E4. Histopathologic findings of parietal cortex (A
with hematoxylin and eosin. (Original magnification
eosinophilic cytoplasm. The arrowheads point to shrun
marked eosinophilic cytoplasm and pyknotic nuclei in
were more than in the cardiopulmonary bypass groupand B) and hippocampus CA1 (C and D) specimens stained
400.) The arrows point to swollen cells with highly
ken cells with pyknotic nuclei. The damaged neurons with
the deep hypothermic circulatory arrest group (B and D)
(A and C).233.e3 The Journal of Thoracic and Cardiovascular Surgery ● November 2007
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PFigure E5. Immunohistological staining against poly(a
poly(adenosine diphosphate–ribose) in the parietal co
demonstrated red color. (Original magnification 400.
ously increased in the deep hypothermic circulatory a
bypass group (A and C).The Journal of Thoracic ansine diphosphate–ribose). Positive immunostaining of
A and B) and hippocampus CA1 (C and D) specimens
y(adenosine diphosphate–ribose) formation was obvi-
group (B and D) compared with the cardiopulmonarydeno
rtex (
) Pol
rrestd Cardiovascular Surgery ● Volume 134, Number 5 1233.e4
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CSPFigure E6. Terminal deoxynucleotidyl transferase–med
Positive immunostaining neurons in the parietal corte
demonstrated brown color. (Original magnification 4
hypothermic circulatory arrest group (B and D) but not
point to terminal deoxynucleotidyl transferase–media
staining, with brown color indicative of apoptosis.
Figure E7. Western blot analysis of poly(adenosine p
hippocampus CA1. The deep hypothermic circulatory
poly(adenosine phosphate–ribose) polymerase 1 (116
(CPB) lane showed only 1 poly(adenosine phosphate–iated deoxyuridine triphosphate nick end-labeling staining.
x (A and B) and hippocampus CA1 (C and D) specimens
00.) A few stained neurons were shown in the deep
in the cardiopulmonary bypass group (A and C). The arrows
ted deoxyuridine triphosphate nick end-labeling–positivehosphate–ribose) polymerase 1 in the parietal cortex and
arrest (DHCA) lane demonstrated 2 bands of full-length
Kd) and cleaved (89 Kd), but the cardiopulmonary bypass
ribose) polymerase 1 band (116 Kd).233.e5 The Journal of Thoracic and Cardiovascular Surgery ● November 2007
